In magnetic granular alloys such as Co-Ag, a large finite-size effect in giant magnetoresistance ͑GMR͒ has been observed as the sample thickness (t) varies. The value of GMR monotonically decreases and eventually vanishes as t approaches zero. The t range, over which the GMR value drops rapidly to zero, has been found to be weakly dependent on temperature. Our results are consistent with a picture that a strong spin-orbit interaction at surfaces is responsible for randomizing spins in different spin channels, thus reducing GMR. © 1996 American Institute of Physics. ͓S0021-8979͑96͒53808-9͔
magnetron-sputtering system with a base pressure better than 1ϫ10 Ϫ7 Torr during the deposition. To reduce random variation, each series of samples of varying thicknesses was deposited in a single run with a constant sputtering rate and onto a single 2ϫ5 cm 2 glass substrate. A computer controlled stepping shutter was swept across the substrate in steps. The sample thickness at each step was precisely controlled by the duration of exposure time. The step-wedged samples were subsequently patterned into Hall bars by photolithography for magnetotransport measurements. All the samples used in this study were protected by a layer of photoresist immediately after deposition to avoid oxidation. They were not thermally annealed.
The thickness dependence of GMR is presented in Fig. 1 for Co 20 Ag 80 granular films measured at Tϭ4.2 K. To characterize GMR quantitatively, we use the net change in resistivity ͑⌬͒ from zero field to a high field (Hϭ8 T͒. At Hϭ8 T, the resistivity [(H)] is nearly saturated. The commonly used magnetoresistance ratio, ⌬/, is not an appropriate parameter for investigating the finite-size effect, because it is also sensitive to other scatterings, such as disorder, of nonmagnetic origin. We choose Co 20 Ag 80 , a GMR material whose bulk form has been studied extensively. 2, 3 The data in Fig. 1 tical conditions. The two sets of data are rather consistent between each other. The inset shows the quantity ⌬/͑0͒ in cycling magnetic field ͑Ϯ8 T͒ for a bulk sample with a thickness of 315 nm. It is seen that (H) is almost saturated at 8 T and the bulk sample carries a GMR value of about 40%. At Tϭ4.2 K, the zero field 4.2 K is about 27 ⍀ cm for a bulk sample. The resistivity ratio 4.2 K / 300 K is about 1.1. As t reduces to 5 nm, 4.2 K increases about 40% due to the surface scatterings. Over the whole t range ͑5-320 nm͒ studied, the low-T spontaneous magnetization and the size of the magnetic particles remain constant within the experimental uncertainty. 4 The variation of ⌬ with t can be characterized by an initially slow decrease with t in thick samples and a rapid decrease in the thin-film region ͑tϽ50 nm͒. In the 2D limit ͑t approaching zero͒, GMR can no longer be sustained. A phenomenological relation ⌬ϭ⌬ b (1 Ϫ e Ϫt/t 0 ), where ⌬ b is the bulk value of ⌬, gives a reasonable description of the t dependence. The constant t 0 represents a characteristic length scale, that we call the decay length, of the finite-size effect. We believe that the origin of the finite-size effect observed is the enhanced spin-orbit interaction 6 on the surfaces of a thin film. The strong spin-orbit coupling induces spinflipping scatterings which tend to equalize the different electron mean free paths of the two spin channels. Qualitatively, the larger the surface effect, the longer the decay length t 0 .
In addition to the spin-orbit interaction, electron-magnon scattering is also detrimental to GMR, particularly at high T. 7 The study of thermal effect on our samples may provide insight to the mechanism of the observed finite-size effect. For most of our samples we have measured ⌬ as a function of T [⌬(T)] from 4.2 to 300 K. The results are presented in Fig. 2 for eight thicknesses. Note that the ⌬(T) curves for the two thick samples (tϭ203 and 315 nm͒ coincide with each other, due to the bulk nature of these samples. Figure 2 shows that ⌬(T) shares almost identical T dependence regardless of the film thickness.
In Fig. 3͑a͒ , we present ⌬ as a function of t at various temperatures. By fitting the curves with ⌬(T)ϭ⌬ b (T) ϫ͓1Ϫe Ϫt/t 0 (T) ͔, we have obtained the decay length t 0 (T) in the T range of our measurement. The derived t 0 (T) is shown in Fig. 3͑b͒ . Over the tempersature range studied, t 0 (T) is weakly dependent on T, increasing only 20% from 4.2 to 295 K. This result further affirms that the dominant mechanism behind the finite-size effect is the surface induced spinorbit interaction, whose strength is independent of T. A finite T does slightly affect the finite-size effect by increasing t 0 (T) albeit by a small amount. There are a few possible causes. Thin films may develop a softening in magnetic structure at finite T, particularly on the surfaces. It is also possible that electron-magnon interaction may be slightly enhanced at the surfaces.
In conclusion, we have studied a finite-size effect of GMR with respect to the sample thickness and its temperature dependence. We found that GMR monotonically decrease with thickness reaching zero as t approaches zero within a decay length of 15 nm. We also found that this decay length is weakly dependent on temperature, which indicates that the main mechanism of finite-size effect is the surface induced spin-orbit interaction.
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